We characterize InSb quantum dots induced by bottom finger gates within a nanowire that is grown via the vapor-liquidsolid process. The gates are separated from the nanowire by an exfoliated 35 nm thin hexagonal BN flake. We probe the Coulomb diamonds of the gate induced quantum dot exhibiting charging energies of ∼ 2.5 meV and orbital excitation energies up to 0.3 meV. The gate hysteresis for sweeps covering 5 Coulomb diamonds reveals an energy hysteresis of only 60 µeV between upwards and downwards sweeps. Charge noise is studied via long-term measurements at the slope of a Coulomb peak revealing potential fluctuations of less than 3.6 µeV/ √ Hz at ∼ 0.1 Hz. This makes h-BN the dielectric with the currently lowest gate hysteresis and lowest low-frequency potential fluctuations reported for low-gap III-V nanowires. The extracted values are similar to state-of-the art quantum dots within Si/SiGe and Si/SiO 2 systems.
Recently, nanowires of indium antimonide (InSb) and indium arsenide (InAs) [1] [2] [3] [4] came back into focus due to their large spin-orbit coupling [5] [6] [7] that in combination with magnetic fields and a relatively strong proximityinduced superconductivity [8] [9] [10] enables tuning of Majorana modes [11] [12] [13] [14] as a basis for topologically protected quantum computing. [15] [16] [17] Typically, the nanowires are tuned electrically by a number of bottom finger gates that are separated from the nanowire by a gate dielectric. 12, 18 It is well known that both charge noise and hysteresis of gateinduced potentials deteriorate the performance of semiconductor qubits, [19] [20] [21] [22] as is also expected for the prospective Majorana qubits. 23, 24 Hence, it is crucial to optimize the dielectric in terms of unintentional charge fluctuations.
For exfoliated two-dimensional materials such as graphene, it turned out that hexagonal boron nitride (h-BN) is ideal for that purpose. 25, 26 For example, it improves the charge carrier mobility by more than an order of magnitude compared to the previously used Si/SiO 2 . 27, 28 Furthermore, it is easy to fabricate. Thus, exploiting exfoliated h-BN as gate dielectric for low-gap III-V nanowires is appealing. First experiments used h-BN to separate the global Si/SiO 2 back gate from an InSb nanowire enabling the first quantized conductance steps in such nanowires at zero magnetic field. 29 Subsequently, measurements on proximity-coupled InSb nanowires on h-BN showed magnetic field induced zero bias peaks, indicative of the presence of Majorana zero modes. 30, 31 However, Coulomb diamonds with excited states in a gate-induced quantum dot have not been reported and, more importantly, the charge noise and gate hysteresis of such nanowires on h-BN have not been studied. Reports on these properties are only available for other types of dielectrics. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] They exa) Current address: Microsoft Quantum Lab Delft, 2600 GA Delft, The Netherlands b) mmorgens@physik.rwth-aachen.de hibit, e.g., a relatively large low-temperature gate hysteresis on LaLuO 3 and SiO 2 being 0.5 V and 2 V at gate sweeps of 4 V and 30 V, respectively. 41, 42 Noise properties for quantum dots have only been reported for a vacuum dielectric revealing 1/ f behavior above ∼ 300 Hz and an upturn at lower frequency with noise of ∼ 0.2 µeV/ √ Hz at 100 Hz. 33 Here, we study an InSb nanowire/h-BN device with bottom finger gates (pitch 90 nm) at the temperature T = 300 mK. The device exhibits a gate hysteresis of 2 mV for sweeps of 150 mV (250 mV) at a rate of 25 mV/s (42 mV/h), hence, significantly better than in previous reports. 41, 42 It, moreover, shows a charge noise of only 3.6 µeV/ √ Hz at 0.1 Hz with an approximate 1/ f 1.5 dependence towards lower frequencies.
The noise is likely even less than for the previously studied vacuum dielectric 33 pointing to remaining limitations due to defects at the nanowire itself. More importantly, the values are similar to state-of-the-art quantum dots in Si/SiGe or Si/SiO 2 structures (∼ 3 µeV/ √ Hz at 1 Hz). 22, [43] [44] [45] Hence, h-BN turns out to be a favorable dielectric for low-gap III-V nanowires.
The InSb nanowires were grown on top of InP stems via the vapor-liquid-solid (VLS) method using a gold droplet as catalyst. 46, 47 A quantum dot device of such a nanowire ( Fig. 1 (a)−(b)) consists of a 200 nm thick SiN x layer, on a highly doped Si substrate acting as a global back gate (BG) with multiple finger gates made (G1−G4, FG) on top. The finger gates are 35 nm wide and defined by electron beam lithography (EBL) with a spacing of 55 nm except between G3 and FG where the spacing is 130 nm. An h-BN flake is deposited on top of the finger gates via the dry transfer method. 27 Subsequently, one InSb nanowire is placed onto the h-BN with sub-µm lateral precision via an indium tip attached to a micromanipulator. 48 Finally, source and drain contacts are prepared via EBL. Prior to the metal deposition of the Ti/Au (10 nm/110 nm) contacts, the exposed nanowire area is passivated ex-situ by sulphur 49 from Oxford Instruments). Before cool-down, the insert is evacuated to 10 −6 mbar for 48 h at 300 K in order to remove adsorbates from the nanowire surface. 42 Gate dependent conductivity traces (not shown) reveal a low temperature mobility of the nanowire of µ = 28000 cm 2 /Vs. 42 Using the finger gates, we induce a quantum dot within the nanowire exhibiting regularly spaced Coulomb peaks ( Fig. 1(c) ). Different combinations of finger gates can be used to obtain charge stability diagrams of such quantum dots ( Fig. 2 (a)-(c)). Besides regularly spaced Coulomb diamonds for all combinations of gates, excited states are visible at larger V SD . Only very few perturbations appear, that are likely caused by uncontrolled charging events in the surrounding of the quantum dot. For the gate configurations of Fig. 2 (a)-(c), one straightforwardly deduces charging energies E C up to 3 meV, 2.3 meV, and 2.5 meV, respectively, excitation energies ∆ of ∼ 0.5 meV, 0.3 meV, and 0.2 − 1 meV, respectively, and lever arms α of 0.05 eV/V, 0.12 eV/V, and 0.03 eV/V, respectively.
To quantify the charge noise acting on the nanowire quantum dot, Fig. 3 (a) shows low-frequency noise measurements recorded at 300 mK. We measure the temporal current fluctuations at the slope of a Coulomb peak for V SD,DC = 40 µV. In order to transfer this to the potential fluctuation noise S pot ( f ) as function of frequency f , we firstly use the measured shape of the Coulomb peak in I(V G2 ) traces, well fitted by a Fermi-Dirac peak, to deduce the gate voltage noise. Then, we transfer gate voltage to potential energy via α = 0.04 eV/V as deduced from the respective Coulomb diamond. The square root of the power spectral density of the resulting temporal potential fluctuations in the quantum dot leads to S pot ( f ) in eV/ √ Hz (Fig. 3(a) , blue trace). It is S pot (0.1 Hz) = 3.6 µeV/ √ Hz and increases towards lower f mostly following S 2 pot ( f ) ∝ 1/ f 1.5 (red fit line). The enhanced logarithmic slope of S 2 pot ( f ) with respect to the classical 1/ f noise is in reasonable agreement with the upturn of the 1/ f noise below f = 100 Hz observed earlier for InAs nanowires with vacuum dielectric 33 . For comparison, we also investigated an InAs nanowire 50 on a LaLuO 3 dielectric in the same frequency range. Except for the dielectric, deposited via pulsed laser deposition 41 , the device is prepared in the same way as the InSb nanowire device on h-BN. The displayed S pot ( f ) ( Fig. 3(a) , orange trace) originates from temporal current measurements at the pinch-off of the nanowire using a single finger gate. It is, hence, converted to S pot ( f ) again by the measured I(V G1 ) but then using α = 0.1 eV/V as deduced from the geometry of the sample. Remarkably, S pot ( f ) of the h-BN device is three orders of magnitude lower than for the LaLuO 3 device ( Fig. 3(a) ).
Comparison with literature data on noise for III-V lowgap nanowires is difficult. Either much longer parts of the nanowire are gated 32 , effectively averaging charge fluctuations, or the frequencies are significantly larger due to probing by radio frequency via reflection at the quantum dot. 33 Since S 2 pot ( f ) is steeper than 1/ f at low frequency, an extrapolation is not reliable. However, conservatively extrapolating the noise data obtained for the suspended InAs nanowire (vacuum dielectric) at 100 Hz 33 towards 0.1 Hz by a 1/ f curve reveals S pot (0.1 Hz) 5 µeV/ √ Hz. This is larger than for our device on h-BN, albeit vacuum without defects has been used as dielectric. It strongly suggests that the major charge noise in both cases originates from charge traps within or on the nanowire and not from the dielectric. It is instructive to compare our data with the charge noise in Si or Si/SiGe quantum dots 22, [43] [44] [45] , currently considered as most promising for semiconductor spin qubits 51 . For these quantum dots, one finds The second important benchmark for a dielectric is the gate hysteresis. Figure 3 (b) reveals that the InSb nanowire on h-BN exhibits a gate hysteresis ∆V hyst 2 mV (inset) at a sweep rate of 25 mV/s. For the gate range ∆V gate = 150 mV, this leads to a ratio R = ∆V hyst /∆V gate = 0.013, much lower than observed previously for InAs or InSb nanowires on other gate dielectrics: R = 0.13 41 , R = 0.07 42 . Since R typically depends on the sweep rate 52,53 , we improved it further by reducing the gate sweep rate to 42 mV/h leading to R = 0.008 with ∆V gate = 250 mV. The extremely low rate is employed to record full charge stability diagrams subsequently for both gate sweep directions ( Fig. 4(a),(b) ). The total measurement time of 12 h evidences the long term stability of the quantum dot by the excellent similarity of the two diagrams. Only two conductivity jumps ( Fig. 4(b) , right) are observed. The gate hysteresis is quantified by a line cut at V SD = 0 mV ( Fig. 4(c) ) revealing ∆V hyst = 2 mV as maximum hysteresis between the two curves (inset) and, hence, implying R = 0.008. Using α = 0.03 eV/V, one can calculate the energy hysteresis ∆E = 60 µeV. Figure 4(d) displays the difference between Fig. 4(b) and Fig. 4(a) showing that the small hysteresis is reliably observed across the whole charge stability diagram. The observation of a small hysteresis, low charge noise and a small number of jumps in stability diagrams consistently indicate a very low number of chargeable impurities in the h-BN layer, thus making it a favorable dielectric for III-V nanowire devices. As pointed out above, the performance is likely limited by the remaining charge traps on the nanowire itself.
In summary, we have presented an InSb nanowire device with an h-BN flake as gate dielectric. With a set of finger gates, electrons are confined in quantum dots using different gate configurations, resulting in regular Coulomb diamonds with multiple excited states. Favorably, the device has the lowest noise level (3.6 µeV/ √ Hz at ∼ 0.1 Hz) reported for low-gap III-V nanowire devices yet and shows an unprecedented gate hysteresis of 2 mV only. Hence, in terms of charge noise, h-BN is the currently most favorable dielectric for lowgap III-V nanowire devices. 
